Abstract. Using a fully relativistic version of the KKR-method, magnetic and spectroscopic properties of Co clusters of 1-7 atoms deposited on Au(111) have been investigated. Average spin and orbital magnetic moments of atoms in Co clusters decrease if the size of the cluster increases. This trend is reflected through systematic changes of the Co L 2,3 edge x-ray magnetic circular dichroism (XMCD) spectra. When calculating XMCD spectra of supported clusters, the vacuum region has to explicitly included.
INTRODUCTION
Clusters offer the possibility to study the evolution of physical and chemical properties from atoms to nanostructures to solids. They contain a large portion of surface atoms, yet their properties cannot be expressed as a mere linear combination of surface and bulk contributions. For experimental investigations of supported clusters, x-ray magnetic circular dichroism (XMCD) has proved to be an extremely powerful tool as it allows to measure local spin magnetic moments μ spin and orbital magnetic moments μ orb in an element-specific way by means of a judicious application of XMCD sum rules [1, 2] . While the early experimental work was done on rather large clusters, it is now also possible to study very small clusters consisting of only a few atoms [3, 4] . These experiments demonstrated that both μ spin and μ orb of small clusters are strongly enhanced with respect to the bulk. One has to keep in mind, however, that in deriving the XMCD sum rules, a large number of assumptions had to be made [5] . These assumptions need not be valid for a particular system. It is therefore desirable to have an opportunity to compare the measured XMCD spectra with ab initio calculations and to connect thereby the values of μ spin and μ orb to XMCD intensities in a more explicite way.
Clusters of transition metal atoms on noble metal surfaces attracted a lot of attention recently. In this work we concentrate on small Co n clusters supported by Au(111). Our aim is to calculate x-ray absorption near edge structure (XANES) and XMCD spectra of these systems and to inspect how the magnetic properties of Co n clusters affect the XMCD spectra. Although the systems investigated here have not been studied experimentally so far, experiments are available for assemblies of larger Co clusters on Au [6, 7, 8] . Understanding the spectra of small Co n clusters may help in studying the larger clusters as well.
COMPUTATIONAL METHOD
Electronic structure of supported clusters was calculated within the ab-initio spin density functional theory, relying on the local spin density approximation. Our approach is based on the spin-polarized fully relativistic multiple-scattering Korringa-Kohn-Rostoker (KKR) formalism [5] , as implemented in the SPR-TB-KKR program package [9] . First, the Green's function of a clean surface is calculated by applying the tight-binding (TB) computational scheme [10] . In the second step, supported clusters are treated as a perturbation to the clean surface and the Green's function of the new system is obtained selfconsistently.
The TB version of the KKR method requires special care when dealing with highly excited electronic states. Therefore, it is more convenient to use the standard spinpolarized relativistic (SPR) KKR method for calculating x-ray absorption spectra. Thus, the SPR-KKR package [11] was used to calculate Co L 2,3 -edge XANES and XMCD. This means in particular that the self-consistent potentials of Co n clusters on Au(111) calculated with the TB-KKR scheme were used as an input potential to the real space SPR-KKR method.
Throughout this work, we assume that all the atoms are located on ideal lattice sites of the underlying bulk fcc Au lattice. The vacuum region is represented by layers of empty sites. When solving the Dyson equation for the perturbed systems, impurity clusters of 87 atoms were used. The direction of the magnetization was fixed perpendicular to the (111) crystal surface. The potentials were treated within the atomic sphere approximation (ASA).
The Co L 2,3 edge XANES and XMCD spectra were calculated for a ground state potential, i.e., without a core hole. Angular momentum expansion up to max =3 was employed. The spectra were calculated for finite clusters containing up to 7 Co atoms, about 120 Au atoms and about 150 empty vacuum sites.
The spectra presented here were obtained by convoluting raw theoretical data by a Lorentzian in order to simulate the effect of the core hole lifetime. In order to account for the excited photoelectron lifetime, an additional convolution was made, with parameters set according to the ansatz of Müller et al. [12] , assuming one valence electron only. Applying less-than-nominal broadening means, on the one hand, that the curves we present here will probably be still too sharp with respect to experiment. One the other hand, it also means that no "real" fine structure can be falsely suppressed by an excessive broadening (the precise form of which is anyway not known for our systems). Table 1 shows the d-components of spin and orbital magnetic moments μ varies with n in a non-monotonous way but the variations stay below 5% of the average value. This suggests that n (d) holes calculated for a reasonable reference material can be employed as a good estimate when analyzing spectra of clusters on noble metals.
RESULTS
When considering supported clusters, about half of the surrounding space is occupied by vacuum. In a multiplescattering formalism, this vacuum can be represented by empty sites. Figure 1 demonstrates that these empty sites have to be included when calculating spectra of supported clusters. Presence of empty sites is crucial not only for obtaining correct intensity of the main XANES and XMCD peaks but also for reproducing a distinct positive hump in the XMCD spectrum just after the main L 3 peak. The dependence of theoretical spectra on cluster size is shown in Figure 2 . Spectra of the reference system -bulk Co with Au geometry -are also displayed. Both XANES and XMCD exhibit typical line shapes as observed for bulk Co. The dependence on the cluster size is more pronounced for XMCD than for XANES. In accordance with the spin moment sum rule [1, 2] , the overall decrease of the intensity of XMCD peaks with increasing n can be seen as an indication of the reduction of μ (d) spin with increasing cluster size. Likewise, in accordance with the orbital moment sum rule, the decrease of the intensity at the L 3 edge relative to the L 2 edge can be seen as an indication of the reduction of μ 
SUMMARY
Fully relativistic KKR calculations indicate that average spin and orbital magnetic moments of atoms in Co n clusters on Au(111) decrease with increasing n. On the other hand, the number of holes n when calculating XANES and/or XMCD spectra of supported clusters. The dependence of theoretical XANES and XMCD spectra on cluster size exhibits systematic trends that are in accordance with the sum rules.
